Abstract Chromaffin cells isolated from bovine adrenals and maintained in culture were loaded with 45Ca, and the mechanism of 45Ca efflux from these cells was investigated. During exposure to a Cadeficient, Mg (1 mM)-containing medium, replacement of NaCI with sucrose, choline Cl, or Tris Cl reduced the rate of 45Ca efflux by approx. 30-40 %, showing the presence of a Na-dependent 45Ca efflux mechanism. In contrast to the previous findings, however, Li can partially replace Na in maintaining 45Ca efflux. Reintroduction of Ca to a Cadeficient medium increased the rate of 45Ca efflux depending on the concentrations of Ca, showing the presence of a Ca-dependent Ca efflux mechanism. The marked but transient rise in the rate of 45Ca efflux in response to Ca reintroduction was observed under conditions in which the concentration of internal Na was raised either by inhibiting Na pumping activity (ouabain or K removal) or by removal of Mg from the medium. The increased 45Ca efflux was further potentiated by simultaneous Na removal and was markedly inhibited by Ca channel blockers, suggesting that the transiently increased Ca influx in exchange for internal Na facilitated the rate of 45Ca efflux. However, other conditions which evoke catecholamine secretion by stimulating Ca influx also increased the rate of 45Ca efflux, suggesting that the increased Ca influx via any route increases 45Ca efflux. These results thus confirmed the presence of both Na-dependent and Ca-dependent Ca efflux mechanisms in chromaffin cells.
the use of medullary tissues composed of many cell types. Thus the observed Ca efflux does not alway reflect that from the chromaffin cells alone. Another problem with using this preparation is that Na removal can possibly elicit catecholamine (CA) secretion by mobilizing an intracellular source of Ca in the complete absence of extracellular Ca, thereby inducing a sharp and transient increase in the rate of 45Ca efflux (RINK, 1977; AGUIRRE et al., 1977) . Many of these disadvantages can be overcome by using a preparation of isolated chromaffin cells; preparations have been shown to retain many features characteristic of the intact gland (BROOKS, 1977; SCHNEIDER et al., 1977; FENWICK et al., 1978; KILPATRICK et al., 1980) . Our previous study indicated that highly purified cells became unresponsive to any stimulus unless extracellular Ca is present NISHIMURA et al., 1981) . Our results using the isolated chromaffin cells confirmed the presence of Na-Ca and Ca-Ca exchange mechanisms.
MATERIALS AND METHODS
Isolation of chromaffin cells. Chromaffin cells were isolated aseptically from the bovine adrenal medulla (FENWICK et al., 1978) using 0.025 % collagenase (Bohringer). Isolated cells were first plated on glass dishes for 4-20 hr in Dulbecco's modified Eagle medium (Nissui) containing 10 % fetal calf serum, and then maintained in the same medium using plastic dishes (Corning) as described previously (SORIMACHI and NISHIMURA, 1984) . The experiments with 45Ca efflux from the chromaffin cells were tested after culture for one to seven days. 45Ca efflux measurement . Purified chromaffin cells were washed several times with Ca-deficient medium of the following composition (mM) : NaCI, 150; KCI, 5; MgC12, 1; Tris Cl (pH 7.1-7.3), 5, and glucose, 5.5. This was used as a basic medium. NaCI-deficient and NaCI-free media were of the same composition as the basic medium, except that NaCI was partially or totally replaced by an osmotically equivalent amount of sucrose, choline Cl, LiCI, or Tris Cl. When necessary, Ca was added to the basic medium or Mg was removed from the medium. Cells were loaded with 45Ca by incubation for 30-40 min with 0.5 ml of high K (80 mM) medium containing 0.5 mM 45Ca (100 ,uCi/ml). After incubation, the cells were washed three times with Ca-free medium and were trapped onto a glass fiber filter (Whatman GF/C, 24 mm) which was held in a perfusion chamber (SORIMACHI and NISHIMURA, 1984) . Before experiments, the filter was washed with Ca-deficient medium for at least 60 min, to remove extracellular 45Ca, at a constant flow (1 ml/min) using a peristaltic pump at room temperature (25-30°C). Perfusates were collected every 2 min by a fraction collector. Aliquots (1 ml) of each sample were transferred to vials containing 8 ml of the conventional Triton X-100 based scintillator, and the radioactivity was measured in a liquid scintillation counter. At the end of the perfusion, the 45Ca remaining in the filter was extracted with 5 ml of Triton X-100 (1 %). The next day a 1 ml aliquot was counted so that by back-addition of the samples, the radioactivity in the cells could be determined for each experimental point. The rate constant for 45Ca efflux was then calculated as : [radioactivity in a given sample]/[radioactivity remaining in the cells before collecting a given sample].
RESULTS
The effect of external Na on 45Ca efflux When the chromaffin cells were perfused with a Ca-deficient, Mg (1 mM)-containing medium, Na removal reduced the 45Ca efflux rate constant (Fig. 1) . When Na-medium was reintroduced, the rate constant increased transiently, but then remained fairly constant. This transient increase in 45Ca efflux could be due to an increase in Na gradient which resulted from the reduced level of internal Na during Na removal. The magnitude of the reduction in the rate constant of 45Ca efflux was measured at the midpoint of a "Na-free" period from a straight line drawn through the points in a Na+-containing medium (Fig. 1 ). They were 72±2 % (N=6), 64±3 % (N=7), or 71±3 % (N=3) of the control for the replacement of NaCI with choline Cl (1.8 mM hexamethonium and 0.1 mM atropine were added to block the nicotinic effect of choline), sucrose, or Tris Cl, respectively. Their differences were not statistically significant.
On the other hand, Li-substitution for Na reduced the 45Ca efflux rate only slightly; the rate constants were 88±1 % (N=6) of controls. To confirm this Vol. 34, No. 4, 1984 Fig. 1. Effect of replacing NaCI with different substitutes on 45Ca efflux from the chromatin cells. The cells were pretreated with Ca-deficient, Mg (1 mM)-containing medium for 60 min. In the right half of the figure, Tris-substituted medium was perfused for 10 min during the perfusion of Li-substituted medium to confirm the quantitative difference in the 45Ca efflux rate constants under the two conditions. S denotes the medium in which NaCI was replaced by sucrose.
difference between Li and other Na substitutes, perfusion with Li-substituted medium was interrupted by perfusion with Tris-substitution for 10 min (Fig. 1,  right panel) . The 45Ca efux rate constant during Li-substitution was clearly higher than that during Tris-substitution (N=4). Essentially similar results were obtained using Na substitutes other than Tris. In contrast to the earlier observations (AGUIRRE et al., 1977; RINK, 1977) , these results indicate that Li can partially replace Na in supporting 45Ca efflux of chromafpin cells. The reason for the failure to demonstrate this effect of Li in previous studies could be due to the existence of other contaminating cells in the medulla. Japanese Journal of Physiology Fig. 2 . Effects of different Na concentrations on 45Ca efflux into Ca-free (0.1 mM EGTA), Mg (1 mM)-containing medium. Isotonicity of the medium was maintained by adding an appropriate amount of sucrose. The effects of complete and partial removals of Na were tested alternately. The effect of different concentrations of external Na on 45Ca efflux was tested by partially replacing Na with sucrose as shown in Fig. 2 and Table 1 . The magnitude of a reduction in 45Ca effiux clearly depended on the extracellular Na+ concentration.
Since the Na-dependent portion of 45Ca effiux was rather small, kinetic analysis was not performed.
Ca-dependent 45Ca efflux The Ca-dependent 45Ca effiux was investigated by observing the effects of introducing different concentrations of Ca (2 x 10_6-2 x 10 M, adjusted with Ca-EGTA buffer, pH 6.8) during perfusion with a Ca-free (1 mM, EGTA) medium containing Mg (1 mM), assuming that the rate of Na-dependent 45Ca effiux is unaltered in the presence of external Ca. As shown in Fig. 3 , the effects of 2 mM and other concentrations of Ca on the rates of 45Ca effiux were tested alternately, and the tested response was expressed as percentage of the mean of the two responses to 2 mM Ca (Fig. 4) . The results reasonably fit the simple MichaelisMenten curve, suggesting that one Ca is involved in the extrusion of each 45Ca. The apparent affinity constant for Ca was approx. 0.1 mM, a value comparable to those obtained in medullary slices in the presence of Na (RINK, 1977) .
The effect of Na removal in the presence of 2 mM Ca During perfusion with a medium containing 2 mM Ca and 1 mM Mg, Na removal did not always reduce the rate of 45Ca effiux. The rate of 45Ca efflux was Vol. 34, No. 4, 1984 actually greater in sucrose-substituted medium for NaCI (0.87±0.12 %/min vs. 0.51±0.03 °//min in the presence of Na, N=7, p<0.01).
Na replacement with other Na substitutes did not produce consistent results (N=7), confirming the earlier observations in the medullary slices (RINK, 1977) . These results suggest that Ca-activated 45Ca efflux was increased by Na removal, so that the reduction of the Na-dependent 45Ca efflux rate under this condition is obscured. We therefore investigated the effect of Na removal on Ca-dependent 45Ca efflux.
The effect of simultaneous Na removal on Ca-dependent 45Ca efflux
As shown in the left half panel of Fig. 5A , the rate of 45Ca efflux in response to Ca reintroduction (0.4 mM) was increased slightly by simultaneous removal of Na (replaced by Tris). Our previous results indicated that Na removal slightly increased 45Ca influx without affecting catecholamine (CA) secretion, with the exception of sucrose-substitution for NaCI, which increased both 45Ca influx and CA secretion (SORIMACHI and NIsHIMURA, 1984) . As shown in the left half panel of Fig. SB , sucrose-substitution at the time of Ca reintroduction clearly increased the rate of 45Ca efflux.
The effect of prior treatment with ouabain on Ca-dependent 45Ca efflux Prior treatment of the chromafpin cells with ouabain (0.1 mM) greatly increased the rate of 45Ca efflux in response to Ca (0.5 mM) reintroduction (right half panel of Fig. 5A, B) ; the maximal rates after subtracting the values before Ca reintroduction were 1.98±0.15 %/min (N=6) after ouabain treatment as compared to 0.17±0.03 %/min (N=6) of the control values before ouabain treatment. Simultaneous removal of Na at the time of Ca reintroduction further increased the rate of 45Ca efflux (Fig. 5A, B) . Our previous study indicated that ouabain treatment stimulated 45Ca influx in exchange for internal Na by raising the concentration of Japanese Journal of Physiology internal Na via the at the time of Ca NISHIMURA, 1984), inhibition of Na pumping, and that simultaneous Na removal reintroduction further increased 45Ca influx (SORIMACHI and These results therefore raise the possibility that the increased Vol. 34, No. 4, 1984 Fig. 5. The effect of Ca reintroduction with or without simultaneous Na removal of Na on 45Ca efflux into Ca -deficient, Mg (1 mM)-containing medium, and the potentiation of 45Ca efflux by ouabain treatment. In A, Na was replaced by Tris, while in B, sucrose was substituted for NaCI. Similar results were obtained in two other experiments. rate of 45Ca efflux after ouabain treatment was due to the increased Ca influx. This possibility was tested by studying how the potentiating effect of ouabain on 45Ca efflux depends on external Na , since only a small rise in internal Na is expected after ouabain treatment at a low Na concentration. As shown in Fig. 6 , ouabain treatment in the presence of 20 mM Na did not increase 45Ca efflux in response to Ca reintroduction with the simultaneous removal of Na (replaced by choline), but the same treatment in the presence of 100 mM Na clearly increased the rate of 45Ca efflux, in response to the same stimulus.
The effect of removal of K or Mg on Ca-dependent 45Ca efflux We employed other means to raise the internal Na concentration. The removal of K from the incubation medium was expected to raise the concentration of internal Na by inhibiting Na pumping, and the removal of divalent cation was previously considered to increase the Na permeability of the plasma membrane, thereby leading to accumulation of internal Na (SORIMACHI and NISHIMURA,1984) . As shown in Fig. 7 , prior exposure to a medium lacking K clearly increased the rate of 45Ca efflux in response to Ca reintroduction; the maximal rate above the prestimulation level was 1.08±0.42 %/min, N=4, as compared to the control values 0.34±0.10 %/min, N=4.
Similarly, treatment with a medium lacking Mg increased the rate of 45Ca efflux in response to Ca reintroduction to a level comparable to that after ouabain treatment ( Fig. 8 ; the maximal rate above the prestimulation level was 1.64± 0.13 %/min, N=4). Na removal at the time of Ca reintroduction further increased Japanese Journal of Physiology The cells were perfused with Ca-deficient, Mg (1 mM)-containing medium. Note that the maximal rate of 45Ca efflux after treatment with Mg-free medium is comparable to that after ouabain treatment. Fig. 9 . The effect of Ca reintroduction with or without simultaneous Na removal on 45Ca efflux into a medium lacking divalent cations. The increase in the rate of 45Ca efflux in response to the addition of 0.1 mM Ca and simultaneous replacement of Na with choline was compared with those in response to Ca (0.1 mM) in the presence or absence of Na in which LiCI or sucrose was substituted. Note that the different Na substitutes potentiated 45Ca efflux to a variable extent. Similar results were obtained in two other experiments. the rate of 45Ca efflux (Fig. 9) . However, different Na substitutes had different effects on 45Ca efflux; sucrose was most active, choline was moderately active and Li least effective (Fig. 9 ). This order of potencies in increasing 45Ca efflux rate is quite similar to that found in increasing CA secretion and 45Ca influx under the same condition (SORIMACHI and NISHIMURA, 1984) .
The effects of Ca channel blockers on Ca-dependent 45Ca efflux in a medium containing no divalent cations
Earlier studies demonstrated that CA secretion in response to Ca reintroduction with or without Na removal during exposure to a medium lacking divalent cations was sensitive to Ca channel blockers, and suggested that these blockers inhibit Ca influx in exchange for internal Na (SORIMACHI and NISHIMURA, 1984) . We therefore tested the effects of blockers on 45Ca efflux in response to Ca reintroduction. As shown in Fig. 10 (left) , Ca reintroduction during exposure to a medium containing Co (2 mM) or Mn (2 mM) failed to increase 45Ca efflux, but this inhibition was easily reversible. Similarly, 45Ca efflux in response to Ca reintroduction was markedly reduced when treated with D 600 (50 ,uM) for 10 min prior to and during 5 min stimulation (Fig. 10, right) . This inhibitory effect of D 600 on 45Ca efflux was only partially restored after removal of this agent.
Japanese Journal of Physiology The effect of a Na free (sucrose) medium on 45Ca efflux in 0.1 mM Ca with and without ouabain We previously noted that sucrose-substitution for NaCI, but not other Na substitutes, significantly increased CA secretion and 45Ca uptake by the isolated chromafl'in cells maintained in a medium containing 0.1 mM Ca, and furthermore that the secretory response became paradoxically smaller when the concentration of Ca in sucrose medium became higher (SORIMAcHI and NISHIMURA, 1984) . As shown in Fig. 11 , the maximal rate of 45Ca efflux in response to a sucrose-medium containing 0.1 mM Ca was larger (1.12+0.16 %/min above the prestimulation level, N=5) than that in response to the same medium containing 2 mM Ca (0.27+ 0.06 °//min above the prestimulation level, N=4).
However, the rate of 45Ca efflux in response to a sucrose medium containing 2 mM Ca was greatly increased after ouabain treatment (mean 3.3 %/min above the prestimulation level in two experiments, as compared to mean 1.6 %/min in the presence of 0.1 mM Ca), so that the magnitude of the rate of 45Ca efflux became proportional to the concen- Vol. 34, No. 4, 1984 Fig. 11. The effect of replacing NaCI with sucrose on 45Ca efflux during exposure to Mgdeficient, Ca (0.1 mM)-containing medium before and after treatment with ouabain. Note that the rate of 45Ca effiux in response to sucrose substitution is inversely proportional to the concentration of Ca involved in the absence of ouabain, but this order of magnitude was reversed after ouabain treatment.
tration of Ca. Furthermore, sucrose-substituted medium containing 0.1 mM Ca and 1 mM Mg, which was ineffective in stimulating CA secretion, failed to increase the rate of 45Ca efflux (0.48±0.16 %Jmin, N=3 vs. 0.42+0.06 %Jmin, N=3 before stimulation).
DISCUSSION
The present experiments support the earlier results, obatined using the perfused adrenal or medullary slices, that both Na-activated and Ca-activated 45Ca efflux mechanisms are present in the chromaffin cells. During perfusion with a Ca-free, Mg (1 mM)-containing medium, replacement of NaCI with sucrose, choline Cl, or Tris Cl reduced the rate of 45Ca efflux by approx. 30-40 %. These values were comparable to those obtained in the perfused glands (AGUIRRE et al., 1977) , but were smaller than those obtained in the medullary slices where more than 70 of 45Ca efflux is Na dependent. Ca reintroduction increased the rate of 45Ca efflux during exposure to a Ca-free, Mg (1 mM)-containing medium, showing the presence of a Ca-Ca exchange mechanism. In sharp contrast to these results, PococK (1983) provided evidence against the operation of both a Na-Ca and a Ca-Ca exchange system in the chromaflin cells. This discrepancy is difficult to explain at present.
An interesting finding of our study is that Li can partially replace Na for the Na-activated 45Ca efflux in the chromafpin cells. This is consistent with the previous finding that Li was least effective among various Na substitutes in potentiating CA secretion and 45Ca uptake in response to Ca reintroduction SORIMACHI and NISHIMURA, 1984) . These observations could be explained by the ability of Li to mimic Na in either preventing Ca influx or supporting Nadependent Ca effiux. In the medullary slices, Li failed to maintain 45Ca efflux, though the rate constant in Li-solution was moderately higher than that in cholineor sucrose-solution (RINK, 1977) . In the perfused adrenal, no distinct decrease in the rate constant was observed during the first 5 min of perfusion with Lisolution, but perfusions of more than 10 min produced a decrease. The discrepancy between our results and those of others has not been explored in the present study. In this respect, of particular interest is the finding that in the squid axons, Li can replace Na only at low values of internal ionized Ca (MULLINS and BRINLEY, 1975) . It is thus possible that under our experimental conditions, internal ionized Ca in the purified chromafpin cells was low enough to allow Li to replace Na. A similar interpretation was presented for the Na-dependent Ca efflux in the neurohypophysis (NORDMANN and ZYZEK, 1982) . AGUIRRE et al. (1977) suggested that the increase in CA secretion during Na removal (replaced by either choline or sucrose) in the absence of Ca (but in the presence of Mg) is due to a rise in intracellular Ca, which is result of a decrease in the Ca efflux following the removal of Na. On the other hand, RINK (1977) found that once Na was removed in the absence of Ca the rate constant of the Ca efflux remained at a relatively steady low level, unassociated with the CA secretion. The latter finding, together with our previous observations that the isolated chromafn cells never secrete CA in response to Na removal in the absence of Ca, favors the view that the inhibition of Ca efflux alone in Ca-free conditions cannot raise intracellular free Ca above the threshold level for increasing CA secretion. According to Ca hypothesis, it therefore seems likely that the secretory response by Na removal reported by others (sucrose or choline; AGUIRRE et al., 1977, Tris; RINK, 1977 ) is due to a rise in intracellular Ca resulting from mobilization of membrane bound Ca in the case of intact medullary tissues. The possible increase in 45Ca efflux by an increase in intracellular Ca must have been masked by the lack of external Na in their studies.
The rate of 45Ca efflux in response to Ca reintroduction was greatly increased after treatment with a medium lacking Mg (Fig. 8 ). This treatment was previously shown to raise the concentration of internal Na, so that Ca influx in exchange for internal Na is activated to release CA in response to Ca reintroduction (SORIMACHI and NISHIMURA, 1984) . Another experimental manipulation leading to a rise in internal Na, that is, inhibition of Na pumping activity by treatment with either ouabain or K-free medium, also greatly increased the rate of 45Ca efflux in response to Ca reintroduction (Figs. 5 and 7) . These results suggest that the increased Ca influx possibly coupled to efflux of internal Na facilitated 45Ca efflux. Consistent with this view, the increase in 45Ca efflux in response to Ca reintroduction was greatly inhibited by Co, Mn, and D 600, agents which were previously shown to inhibit CA secretion possibly due to Ca influx in exchange for internal Na (AGUIRRE et al., 1979; NISHIMURA et al., 1981; SORIMACHI and NISHIMURA, 1984) . Furthermore, the increase in 45Ca efflux in response to Ca reintroduction was potentiated, to a variable extent, by simultaneous replacement of Na with the different Na substitutes, as was CA secretion due to Ca influx in exchange for internal Na. The order of potency in increasing 45Ca efflux of different Na substitutes was similar to that found in increasing CA secretion and 45Ca influx (Fig. 9, NISHIMURA et al., 1981; SORIMACHI and NISHIMURA, 1984) .
Other conditions that increased 45Ca uptake also increased the rate of 45Ca efflux. Thus, during exposure to a medium containing 0.1 mM Ca, the rate of 45Ca efflux is greatly increased by sucrose substitution for NaCI , which was previously shown to increase CA secretion and 45Ca uptake (SORIMACHI and NISHIMURA, 1984) . This increase in 45Ca efflux was sensitive to Mg (1 mM) as was the secretory response. Furthermore, the magnitude of the increase in 45Ca efflux was inversely proportional to the concentration of Ca contained in sucrose medium, but it became proportional to the concentration of Ca after ouabain treatment, as did the secretory response (Fig, 11, SORIMACHI and NISHIMURA, 1984) . BAKER and RINK (1975) also noted that the rate of 45Ca efflux from the medullary slices was markedly increased on exposure to high K (72 mM) medium in the presence of Ca which promoted an increase in 45Ca influx. Thus, these results imply that the increased Ca influx irrespective of its route of entry facilitates 45Ca efflux.
During continuous exposure to a medium containing Ca (2 mM), Na removal did not always reduce the efflux rate constant. Similar findings were also observed in the medullary tissues (AGUIRRE et al., 1977; RINK, 1977) . AGUIRRE et al. (1977) suggested that elimination of Na-Ca antagonism in transport by Na removal (sucrose) enhanced Ca entry thereby increasing Ca efflux, since D 600 blocked an increase in Ca efflux by Na removal. RINK (1977) also found that replacing Na by Li or choline increased net Ca uptake, and therefore believed that Na removal stimulated Ca-Ca exchange. We previously demonstrated in isolated chromaffin cells that choline substitution for Na significantly increased 45Ca uptake without increasing CA secretion in the presence of 0 .1 mM Ca (SORIMACHI and NISHIMURA, 1984) . Thus, it seems likely that Na removal stimulates Ca influx either by eliminating Na-Ca competition for passive Ca entry or by reversing the Na gradient favoring internal Na-dependent Ca influx, and this increase in Ca influx stimulates 45Ca efflux. The disappearance of the Nadependent component of the 45Ca efflux by the removal of external Na would thus be obscured.
The rate of 45Ca efflux was always increased during sucrose-substitution, showing that the potency of sucrose-substitution in increasing Ca influx was largest among Na substitutes. This fact is consistent with our previous finding that sucrose-substitution stimulates CA secretion by the mechanism not shared by other Na substitutes (SORIMACHI and NISHIMURA, 1984) .
